Given the early onset of neuropsychiatric disease and the potential response to immunosuppressive therapy, neuropsychiatric disease is considered a primary disease manifestation in SLE. However, the pathogenesis is not fully understood and optimal treatment has yet to be determined. TWEAK is a TNF family ligand that mediates pleotropic effects through its receptor Fn14, including the stimulation of inflammatory cytokines by astrocytes, endothelial cells, and other non-hematopeotic cell types, and induction of neuronal death. Furthermore, TWEAK-inducible mediators are implicated in neuropsychiatric lupus. Thus, we hypothesized that the TWEAK/Fn14 pathway may be involved in the pathogenesis of neuropsychiatric SLE. We generated MRL-lpr/lpr (MRL/lpr) mice deficient for Fn14, the sole known signaling receptor for TWEAK. Neuropsychiatric disease was compared in age-and gender-matched MRL/lpr Fn14 wild type (WT) and knockout (KO) mice, using a comprehensive battery of neurobehavioral tests. We found that MRL/lpr Fn14WT mice displayed profound depression-like behavior as seen by increased immobility in a forced swim test and loss of preference for sweetened fluids, which were significantly ameliorated in Fn14KO mice. Similarly, MRL/lpr Fn14WT mice had impaired cognition, and this was significantly improved in Fn14KO mice. To determine the mechanism by which Fn14 deficiency ameliorates neuropsychiatric disease, we assessed the serum levels of autoantibodies and local expression of cytokines in the cortex and hippocampus of lupus mice. No significant differences were found in the serum levels of antibodies to nuclear antigens, or autoantibodies specifically associated with neuropsychiatric disease, between MRL/lpr Fn14WT and KO mice. However, MRL/lpr Fn14KO mice had significantly decreased brain expression of RANTES, C3, and other proinflammatory mediators. Furthermore, MRL/lpr Fn14KO mice displayed improved blood brain barrier integrity. In conclusion, several central manifestations of Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
Introduction
The neuropsychiatric manifestations that appear in lupus patients are quite diverse, and may include seizures, depression, anxiety, cognitive disorders, and psychosis [1] . Although the exact prevalence of neuropsychiatric lupus is not known, an estimated >50% of lupus patients display one or more neuropsychiatric manifestations, making it one of the more common expressions of disease [2] .
While patients with lupus can have multiple factors that may provoke neuropsychiatric signs and symptoms, depression and cognitive impairment are found even in patients with newly diagnosed disease [3] . In murine models as well, neuropsychiatric disease can appear early, is one of the prominent clinical manifestations, and is primarily driven by the autoimmune process [2] . Significantly, immunosuppressive treatment reverses some of the associated abnormalities in animal models [4] .
The mechanisms involved in neuropsychiatric SLE (NPSLE) have yet to be fully clarified. This is particularly important in light of the non-curative nature of therapies in current use and their non-targeted mechanism of action. Multiple pathways have been linked to the pathogenesis of NPSLE, such as autoantibodies, cytokines, complement, vasculitis, and thrombosis, leading to neuroinflammation, neurodegeneration, and cell death [5, 6] .
Members of the TNF superfamily play an important role in the pathogenesis of SLE [7] . TWEAK is a secreted member of the TNF-ligand superfamily with pleotropic effects on multiple cell types, including enhancement of the inflammatory milieu and context dependent effects on cell survival and apoptosis. In the central nervous system (CNS) the TWEAK receptor Fn14 is expressed by astrocytes, microglia, neurons, and microvascular endothelial cells [8] [9] [10] . TWEAK induces typical inflammatory responses in cultured glial cells [9] , and can mediate poly ADP ribose polymerase [PARP] activation and neuronal apoptosis [11] . Of note, the TWEAK/Fn14 pathway was shown to be important in animal models of multiple sclerosis [8] , as well as during cerebral ischemia [11] .
In preliminary studies we found that patients with NPSLE demonstrate high CSF TWEAK levels [12] . Given the expression of TWEAK and Fn14 in the CNS, this pathway may be directly involved in the pathogenesis of NPSLE by promoting the local secretion of inflammatory cytokines. Indeed, cytokines are among the putative mediators of NPSLE, as they reliably induce depression [13] and cognitive dysfunction [14] in humans and in animal models. Moreover, through its promotion of blood brain barrier [BBB] dysfunction (at least during ischemia) [11] , TWEAK can also result in access to the CNS of systemic factors, including autoantibodies, cytokines, or other proinflammatory mediators. Therefore, we hypothesized that TWEAK is involved in the pathogenesis of NPSLE.
Although several lupus prone mouse strains develop neuropsychiatric manifestations, MRLlpr/lpr (MRL/lpr) mice have several advantages including early onset and rapid progression of disease, and neurobehavioral deficits with many similarities to human patients [2] . To elucidate the role for TWEAK signaling in the pathogenesis of murine NPSLE, we evaluated MRL/lpr mice lacking the TWEAK receptor Fn14 (MRL/lpr Fn14KO) in comparison with MRL/lpr Fn14WT mice.
Materials and methods

Mice
Female MRL/lpr Fn14KO mice (backcross generation #9) and WT littermates were bred at Biogen Idec and transferred to the Albert Einstein College of Medicine at 8-16 weeks of age. Control MRL/MpJ mice (MRL/+) were purchased from The Jackson Laboratory (Bar Harbor, Maine). The housing conditions were controlled, with a temperature of 21-23 °C and a 12:12 hour light:dark cycle. All animal study protocols were approved by the institutional animal care and use committee.
Assessment of disease
Serum IgG autoantibodies against DNA, chromatin, and the NMDA receptor at 16.5 and 22 weeks of age were measured by ELISA, as previously described [15] . Antibodies against ribosomal P (P0, P1, and P2) were measured using a commercially available kit from Aesku (Wendelsheim, Germany).
Measurement of serum IgG antibodies to cardiolipin was performed as previously described [15] , with modifications [16] . In brief, cardiolipin at a concentration of 75 μg/ml in ethanol was adsorbed to Immulon II microtiter plates, and allowed to dry overnight at 4°C. Plates were then blocked with 5% fetal calf serum/3% bovine serum albumin (BSA) in PBS for 90 minutes at room temperature, followed by incubation with the serum samples diluted 1:250 in PBS/1% BSA for 2 hours at 37°C. The fetal calf serum in the blocking solution served as the source of beta-2-Glycoprotein I in this assay [16] . Following extensive washing, incubation with labeled secondary antibody and substrate then continued as above [15] .
For analysis of anti-dsDNA antibodies in the CSF, plates were coated and blocked in 2% BSA for 1 hour as described [15] . CSF samples at a dilution of 1:20 in PBS/2% BSA were incubated on the plates for 4 hours at 37°C. Plates were then developed with biotinylated goat anti-mouse IgG (Southern Biotechnology, Birmingham, AL) at a 1:500 dilution for 2 hours, followed by streptavidin-alkaline phosphatase diluted 1:500 in PBS/2% BSA and substrate.
Behavioral assessment
A series of tests previously described in detail [17, 18] were employed to test the affective behavior, social behavior, and cognition of female MRL/+, MRL/lpr Fn14WT, and MRL/lpr Fn14KO mice at 10-40 weeks of age. Included in the panel were robust and reliable tests, which have been previously used in this and other labs to assess neuropsychiatric manifestations in murine lupus [17] [18] [19] [20] . These tests were used to evaluate the impact of the Fn14 knockout on well established and reproducible behavioral abnormalities in MRL/lpr mice such as depressive-like behavior and cognitive dysfunction [2] , and to assess potential unintended negative consequences of the Fn14KO. These tests included forced swim, open field testing, object placement and object recognition tests, balance beam crossing, and social preference. In addition, saccharin preference and olfactory tests were performed as described [21, 22] .
For all the behavioral tests, mice were transferred to the test room and equilibrated for 30 minutes prior to the tests under low incandescent light. Except for the balance beam, all tests were digitally recorded by Viewer tracking software (Biobserve, Bonn, Germany).
Real-time PCR
RNA isolated from the cerebral cortex and hippocampus of 19 week old mice from a second independent cohort, and from half of a brain (cut in the sagittal plane) of a third mouse cohort at 40 weeks old, was used in real-time PCR studies to confirm the gene expression patterns. Real-time PCR was carried out in triplicate for TWEAK, Fn14, and selected genes. Values for the tested genes were normalized to GAPDH.
Immunohistochemistry
Five μm thick formalin fixed paraffin-embedded brain sections from mice perfused at sacrifice were incubated with rabbit anti-mouse RANTES (R&D Systems, Minneapolis, MN), or rabbit anti-mouse Fn14 primary antibody (Epitomics, Burlingame, CA) followed by the DakoCytomation Envision + Dual Link System-HRP kit (Dako, Carpinteria, CA), using the manufacturer's instructions. Immunoreactivity was visualized with a 3,3-diaminobenzidine chromogen solution, and the slides then counterstained with Mayer's hematoxylin and mounted.
Albumin quotient and IgG index
The permeability of the blood brain barrier was assessed by calculating the albumin quotient as follows: Albumin quotient = cerebrospinal fluid (CSF) albumin/serum albumin. Intrathecal IgG synthesis was measured by calculating the IgG index as follows: IgG index = (CSF IgG/serum IgG)/albumin quotient [23] . Albumin was quantitated using an albumin ELISA kit from Bethyl Laboratories (Montogomery, TX).
Statistics
JMP (SAS: Cary, NC) was used for the statistical analysis. An unpaired dunnet's post hoc t test (two tailed) was used to compare the differences between two groups after significant main effects in an ANOVA. Correlation and linear regression analysis were also performed. For all the statistics, significance was defined as p<0.05.
Results
Fn14 is upregulated in MRL/lpr versus MRL/+ mice
To assess the relevance of the TWEAK/Fn14 pathway in the pathogenesis of NPSLE, we analyzed the expression of TWEAK and Fn14 in 14 week old female MRL/lpr Fn14WT and MRL/+ mice. We found a significant increase in Fn14 gene expression in the cortex of MRL/lpr Fn14WT mice as compared to MRL/+ mice ( Figure 1A ). By immunohistochemistry, Fn14 expression was detected primarily on endothelial cells, and present both in cortex ( Figure 1B ) and hippocampus (data not shown). A similar trend was found with increased TWEAK gene expression in the cortex of MRL/lpr mice ( Figure 1C ).
To assess possible effects on disease progression, we studied serum autoantibody titers. We found no significant differences in the titer of IgG anti-double stranded (ds) DNA and antichromatin antibodies in MRL/lpr Fn14WT compared to KO mice at weeks 16.5 and 22 ( Figure 2A ,B), around the time the first set of neurobehavioral assessments was performed. Similarly, no significant differences were observed in the titer of anti-single stranded (ss) DNA (IgM and IgG), and IgM anti-dsDNA and anti-chromatin antibodies (data not shown).
Moreover, significant proteinuria had yet to develop in any of the test cohorts when the mice were first evaluated at 10-20 weeks of age (data not shown).
Autoantibodies with particular antigenic specificities, including anti-cardiolipin, antiribosomal P, and anti-NMDA receptor antibodies, have been linked to the pathogenesis of NPSLE [24] . However, we found no significant differences in IgG anti-cardiolipin, antiribosomal P, and anti-NMDA receptor antibodies between MRL/lpr Fn14WT and KO mice at 16.5 and 22 weeks of age ( Figure 2C -E).
Fn14 deficiency ameliorates depression-like behavior and improves cognition in MRL/ lpr mice
To comprehensively evaluate the effect of Fn14 deficiency on neuropsychiatric disease, we employed a battery of tests commonly used in the evaluation of murine behavior and in assessment of spontaneous and induced mouse lupus models [5, 17] . MRL/lpr mice have been extensively studied and have been previously shown to exhibit emotional abnormalities and impaired cognition [19, 25] ; therefore, we assessed these specific features in MRL/lpr Fn14WT and KO mice. Since lupus manifestations appear earlier and are generally more severe in female MRL/lpr mice, female and male mice were analyzed separately.
Depression is an early and common manifestation of neuropsychiatric disease in human lupus. Previously, we demonstrated that MRL/lpr mice display depressive-like behavior at an early age, before other systemic manifestations [17] . To investigate whether the TWEAK/Fn14 pathway plays a role in depressive-like behavior, we compared the performance of 10-20 week old MRL/lpr Fn14WT and KO mice in the forced swim test. As we described previously [17] , we found that both female and male MRL/lpr mice had increased immobility compared to MRL/+ controls ( Figure 3A ) as indicated by a main effect of genotype in a 2-way ANOVA (F genotype 2,54 =29.4, p<0.0001: F sex 1,54 =3.3, p<0.07: F sex X genotype 2,54 =1.8, p<0.17) and subsequent pairwise comparisons (p<0.02). Notably, we found that this depression-like behavior was significantly ameliorated in MRL/lpr Fn14KO as compared to sex and aged matched MRL/lpr Fn14WT mice (p<0.02) ( Figure  3A ).
Anhedonia, which is a lack of response to pleasure or reward, is a hallmark diagnostic symptom of depression. Anhedonia is assessed in rodents as loss of the typical preference to drink sweetened fluids, and correlates with a depression-like phenotype in the forced swim test. To corroborate the depression-like behavior observed in the forced swim test, we next performed a saccharin preference test of anhedonia in MRL/lpr Fn14WT and KO mice at 10-20 weeks of age. As shown in Figure 3B (left panel), female MRL/lpr Fn14KO exhibit significantly improved saccharin preference compared to female MRL/lpr Fn14WT mice (p<0.05) (2-way ANOVA: F genotype 2,33 =3.7, p<0.04: F sex 1,33 =5.5, p<0.025: F sex X genotype 2,33 =0.11, p<0.88). Total liquid consumption was not different between genotypes ( Figure 3B , right panel). Similar apparent amelioration of anhedonia was present in the male MRL/lpr Fn14KO as compared to the MRL/lpr Fn14WT ( Figure 3B ), although this did not reach statistical significance.
Acquired anosmia (loss of smell) is associated with an increased risk of depression; moreover, it has been recently reported that patients with lupus have a defective sense of smell [26] . Since lupus autoantibodies can bind to olfactory pathways [20] , we explored whether the depressive-like behavior in MRL/lpr mice was associated with anosmia. However, there were no significant differences in the latency to find buried food between any of the MRL/+, MRL/lpr Fn14WT, and MRL/lpr Fn14KO mouse groups at 10-20 weeks of age ( Figure 3C ).
Mice have an innate tendency to interact with another mouse in preference to an inanimate object. Social withdrawal can be one of the symptoms of depression, and reduced social behavior can be ameliorated by anxiolytics and antidepressants. No significant decrease in social preference was observed in either male or female MRL/lpr Fn14WT mice compared to the MRL/+ controls (F genotype 1,52 =4.8, p<0.01: F sex 1,52 =1.4, p<0.23: F sex X genotype 2,52 =0.70, p<0.49) ( Figure 4A ). Lack of social withdrawal in MRL/lpr mice despite the depression-like behavior evident in the other behavioral domains of despair could be considered consistent with the absence of anxiety-like behavior we reported previously in MRL/lpr mice [17] . Interestingly, male MRL/lpr Fn14KO displayed significantly higher social preference than MRL/lpr Fn14WT mice (p<0.04) ( Figure 4A ).
One important parameter defining neuropsychiatric disease in lupus mice is impaired cognition. We compared the performance of MRL/lpr Fn14WT and KO mice in object placement and object recognition tests which assess visuospatial and recognition memory, respectively. These assays utilize the rodent's innate preference to explore novel objects and infer that they remember being exposed to other objects previously. Thus, a preference score of ≤50% represents a cognitive deficit as the animals spend equal time exploring the novel (or displaced) object versus a familiar one. Young (10-20 week old) MRL/lpr Fn14WT mice perform at chance levels in the object placement test, indicating deficits in spatial memory ( Figure 4B ). The roughly 50% preference score of both female and male MRL/lpr Fn14WT is lower than the normal preference score of MRL/+ mice. At 10-20 weeks of age, female and male MRL/lpr Fn14KO mice have significantly improved preference scores in the object placement test, signifying better spatial memory than the MRL/lpr Fn14WT mice ( Figure 4B; Figure 4B ). Despite the deficits in visuospatial memory, object recognition memory was generally intact in 10-20 and 21-40 week old MRL/lpr Fn14WT mice ( Figure 4C ). However, young male MRL/lpr Fn14KO have significantly (p<0.04) improved recognition memory compared to MRL/lpr Fn14WT mice (3 way ANOVA: F sex X genotype X age 2,51 =3.8, p<0.03: F genotype 2,51 =2.9 , p<0.06) ( Figure 4C , left panel). Therefore, cognitive behavior was improved in MRL/lpr Fn14KO mice, albeit in a sex and task dependent manner.
Loss of Fn14 does not alter general locomotor activity or motor coordination
To verify that the increased immobility observed in the swim test was not a function of sickness related behavior or neuromuscular weakness, we next assessed whether Fn14 deficiency altered locomotor activity (track length, Figure 5A ). In addition, anxiety-like behavior was assessed in the open field by tracking the time a mouse spends in the center zone (center time), and the distance it covers while exploring the center (center track length) ( Figure 5B,C) . Anxiety-like behavior in this test manifests as decreased center entries and less time spent in the center, also known as thigmotaxis, i.e. the tendency to remain close to the walls. As seen in Figure 5 , there was essentially no effect of Fn14 deficiency on activity or anxiety-like behavior, although there was a general effect of genotype on duration spent in the center zone (F genotype 2,54 =3.7, p<0.03) evident as a significant increase in center time of MRL/lpr Fn14WT females compared to MRL/+ controls (p<0.04).
Motor coordination was assessed in the balance beam as the number of slips while crossing the beam ( Figure 5D ). Consistent with the lack of obvious arthritis or neuromuscular weakness, there were no difference in motor performance on the balance beam among MRL/ lpr Fn14WT, MRL/lpr Fn14KO, and MRL/+ mice.
MRL/lpr Fn14KO mice display diminished expression of proinflammatory mediators in the cortex and hippocampus relative to Fn14WT mice
TWEAK can stimulate astrocytes, brain microvascular endothelial cells, macrophages, and perhaps microglia to secrete cytokines and other inflammatory mediators that can modulate neurobehavioral phenotypes [10, 11] . To assess whether Fn14 deficiency alters the brain cytokine microenvironment, we compared cytokine expression in the cortex and hippocampus of female MRL/lpr Fn14WT and KO mice at 19 weeks of age by real-time PCR. The focus was particularly on genes previously shown to be closely associated with NPSLE. We found that in the cortex of female MRL/lpr Fn14KO mice there was attenuated expression of several proinflammatory genes as compared to MRL/lpr Fn14WT mice, including RANTES, C3 (p<0.003), and CXCL11 (p<0.04) ( Figure 6A) . A similar tendency towards decreased RANTES expression was seen in the cortex of age matched male MRL/ lpr Fn14KO mice ( Figure 6A ). When female and male mice were considered together, the difference in RANTES became significant (p<0.03) (not shown). Cortical brain tissue expression of CCL3 (p<0.05) and MCP-1 (p<0.01), but not TNF, was also significantly decreased in MRL/lpr Fn14KO mice (data not shown). Furthermore, RANTES and C3 were significantly decreased in MRL/lpr Fn14KO mice in total brain tissue examined from 40 week old mice ( Figure 6B ). To determine whether the altered RANTES gene expression levels are reflected at the protein level as well, we performed immunohistochemical staining. As shown in Figure 6C -D, there was a significant decrease in brain RANTES staining, predominantly in neurons, in Fn14 deficient mice.
BBB integrity is preserved in MRL/lpr Fn14KO mice
In order for circulating mediators to contribute to the pathogenesis of NPSLE these would need to cross the BBB, which under normal conditions significantly restricts their diffusion from the serum. Prior studies indicate that TWEAK/Fn14 interactions may play a role in maintaining barrier integrity [11] . Furthermore, it has been shown that aged (19-30 weeks old) MRL/lpr mice have increased CSF concentrations of IgG and albumin, as compared to age-matched MRL/+ or young (4 week old) MRL/lpr mice [23] . To investigate whether altered BBB permeability may contribute to the pathogenesis of neuropsychiatric disease and whether it may be dependent on the TWEAK/Fn14 pathway, we calculated the albumin quotient as an indicator of BBB permeability. Nineteen week old MRL/lpr Fn14WT mice (before the onset of kidney disease) had significantly increased albumin quotients as compared to MRL/+ mice ( Figure 7A ). Notably, in comparison to MRL/lpr Fn14WT mice, the albumin quotient was significantly decreased in MRL/lpr Fn14KO mice, indicating better preservation of BBB integrity relative to MRL/lpr Fn14WT mice.
Increased IgG concentrations in the CSF may reflect either increased BBB permeability, heightened local intrathecal secretion, or both. We found an increased IgG ratio (CSF IgG/ serum IgG) in MRL/lpr Fn14WT mice ( Figure 7B ), indicating increased CSF IgG concentrations; however, since the IgG index (CSF IgG/serum IgG)/(CSF albumin/serum albumin) was not significantly different between MRL/lpr Fn14WT, MRL/lpr Fn14KO, and MRL/+ mice ( Figure 7C ), the increased IgG ratio in MRL/lpr Fn14WT mice was likely due to compromised BBB integrity.
MRL/lpr Fn14KO mice display lower autoantibody concentrations in the CSF relative to Fn14WT mice
While serum levels of potentially neuropathic autoantibodies such as antibodies to dsDNA were not different between MRL/lpr Fn14KO and WT mice (Figure 2) , changes in the integrity of the BBB may affect the concentrations of antibodies that actually reach the brain. To address this possibility, we measured the levels of anti-dsDNA antibodies in the CSF of MRL/lpr Fn14WT and MRL/lpr Fn14KO mice. We found that MRL/lpr Fn14WT mice had markedly increased CSF anti-dsDNA titers, as compared to MRL/+ control mice ( Figure 7D ). While levels of CSF anti-dsDNA antibodies were still elevated in MRL/lpr Fn14KO mice, these were significantly less than those found in MRL/lpr Fn14WT mice ( Figure 7D ).
Discussion
Using the MRL/lpr strain as an established animal model to explore NPSLE [17] [18] [19] 27] , we report for the first time that the TWEAK/Fn14 pathway is important in the pathogenesis of this major organ manifestation. Specifically, we found that Fn14 is upregulated in brains of MRL/lpr mice, and that the severe depression-like behavior observed in MRL/lpr Fn14WT mice is significantly ameliorated in Fn14 deficient mice. Moreover, visospatial and recognition memory performance was improved in MRL/lpr Fn14KO mice. The negative behavioral outcomes exhibited by MRL/lpr Fn14WT compared to KO mice are unlikely to be due to non-specific illness or peripheral organ pathology, since they were exhibited as early as 10 weeks of age, before other disease manifestations. Moreover, despite the immobility in the forced swim test, anhedonia, and deficits in spatial memory, MRL/lpr Fn14WT and KO mice did not differ in general locomotor activity, motor coordination, total liquid consumption and social preference. These data also indicate that loss of Fn14 does not have a negative impact in these behavioral domains. The explanation for the selective effect of Fn14 deficiency on certain neurobehavioral patterns but not on others is not immediately obvious, and will need to be further explored.
The identification of antibodies that bind to brain tissue and that are closely associated with particular neurologic manifestations indicates that autoantibodies may play a role in the pathogenesis of NPSLE [24, 28] . While anti-cardiolipin antibodies are primarily associated with focal NPSLE manifestations, mood disorders and cognitive deficits have been described as well [24, 28, 29] . A number of studies have demonstrated a strong association of anti-ribosomal P antibodies with several NPSLE manifestations, particularly psychosis [24] . More recently, Shoenfeld et al has shown that intracerebroventricular injection of antiribosomal P antibodies in mice induces abnormal olfactory function and depression-like behavior [20, 30] . Furthermore, CSF anti-ribosomal P antibodies can induce very high levels of α-interferon (a cytokine with prominent CNS side effects including confusion, malaise, and depression), as well as IP-10, IL-8, and MCP-1 [31] . Finally, following pharmacologic abrogation of the BBB in non-autoimmune mice, anti-dsDNA antibodies cross reactive with the NMDA receptor induce location-specific neuronal cell death, and significant neurologic deficits [5] . Nevertheless, in our study we did not find a significant difference in serum autoantibody titers against cardiolipin, ribosomal P, DNA, and NMDA receptor between MRL/lpr Fn14WT and KO mice, consistent with prior studies showing that the TWEAK/ Fn14 pathway does not play a prominent role in the regulation of adaptive immunity [32] . However, autoantibodies could still be involved in the more severe neuropsychiatric phenotype observed in MRL/lpr Fn14WT as compared to Fn14KO mice, due to differential amounts of potentially pathogenic antibodies reaching the brain via increased BBB permeability. Indeed, in support of this explanation we found that MRL/lpr Fn14KO mice had significantly lower titers of anti-dsDNA antibodies in the CSF as compared to MRL/lpr Fn14WT mice, presumably reflective of their preserved barrier integrity. In addition, while very limited mouse CSF sample availability poses significant technical challenges, it will be interesting to investigate whether changes in antibody fine specificity, or differences in titers of pathogenic antibodies that were not assessed, may also have contributed to the severe neurobehavioral abnormalities found in MRL/lpr Fn14WT mice.
There are several additional mechanisms by which TWEAK/Fn14 signaling is likely to be important in NPSLE. Various cytokines are highly expressed in the brain of NPSLE patients, and these are believed to have important roles in the pathogenesis of NPSLE [33] . Lupus patients with CNS manifestations have higher CSF levels of TNF, IL-6, and IL-10 as compared to patients with multiple sclerosis or controls with non-inflammatory neurologic disease [34] , while intrathecal levels of IL-6, IL-8, and RANTES, all of which are TWEAKinducible, were significantly increased in NPLSE patients [35] . Indeed, there is interest in using CSF cytokine profiling for the diagnosis of acute confusional state in lupus patients [36] , or to distinguish between NPSLE and non-NPSLE complicated with CNS infection [37] .
TWEAK has been shown to induce cytokines across many cell and tissue types [38, 39] . Consistent with this mechanism, our current study showed increased proinflammatory mediator expression in the CNS of MRL/lpr Fn14WT as compared to Fn14KO mice. By inducing proinflammatory cytokines (coming from the circulation, or produced locally), TWEAK signaling may result in negative CNS outcomes and particularly depression and cognitive dysfunction [33] via several mechanisms that are likely to be complementary. These include activation of microglia and astrocytes, and degradation of the integrity of the BBB (discussed separately below). TWEAK-inducible cytokines can also alter neurotransmitter systems such as serotonin thought to be important in depression and cognition [40] , by regulating neurotransmitter metabolism [41, 42] and the availability of essential amino acid precursors (such as serotonin) in plasma and in the brain [41] . Finally, TWEAK-induced chemokines may also further propagate inflammation via recruitment of inflammatory cells from the circulation (e.g. chemotaxis of T cells by RANTES). The spectrum of mediators present intrathecally in lupus patients which correlate with CNS disease activity and change with treatment [35, 43] , many of which are TWEAK inducible (including IL-6, IL-8, MCP-1, RANTES, IP-10, and MMP-9), support a model in which mediators induced in response to TWEAK signaling contribute to the pathogenesis of NPSLE. Although it will also be important in future studies to exclude histopathological differences contributing to the neurobehavioral deficits observed in MRL/lpr Fn14WT mice, at least by magnetic resonance imaging we did not previously find brain structural abnormalities in the mice of this strain [17] .
Another mechanism whereby the TWEAK/Fn14 pathway may promote NPSLE pathogenesis is through its regulation of BBB permeability. BBB dysfunction has been demonstrated in NPSLE patients [44] . Interestingly, an increased albumin quotient may be a risk factor for corticosteroid-induced psychiatric disorders as well [45] . Moreover, in longitudinal studies in lupus patients, improvement in CNS symptoms is associated with reversal of BBB dysfunction [44] . In MRL/lpr mice, several studies have demonstrated a C5a-mediated increase in BBB permeability that correlates with disease activity [6, 23, 46] . Furthermore, TWEAK is known to alter the permeability of the BBB in vitro [47] . Indeed, the Fn14 staining of brain endothelial cells in MRL/lpr mice demonstrated above would also point towards a possible BBB effect. By increasing the permeability of the BBB, as we demonstrated in MRL/lpr Fn14WT mice, TWEAK may promote the diffusion of pathogenic moieties from the circulation into the brain, including autoantibodies, activated lymphocytes and cytokines [48] . Thus, enhanced protection of the brain from the harmful effects of autoantibodies and cytokines coming from the circulation is likely to have contributed to preserved neuronal function and the improved neurobehavioral profile that we found in MRL/lpr Fn14KO mice. It would be interesting to directly compare the concentrations of autoantibodies and cytokines in the CSF of MRL/lpr Fn14WT and Fn14KO mice, and particularly those mediators which have been previously linked to NPSLE, although these additional studies have been restricted by the minuscule amounts of available CSF.
In this paper, we demonstrated a role for TWEAK/Fn14 signaling in the pathogenesis of NPSLE. It is important to point out that this pathway may not only contribute to the pathogenesis of central nervous system manifestations; rather, there is evidence for the role of TWEAK/Fn14 in lupus associated kidney and skin disease as well. Lu et al [49] found increased TWEAK and Fn14 mRNA expression in kidney biopsies from patients with lupus nephritis. Furthermore, we [50, 51] and others [52, 53] reported increased urinary TWEAK levels in lupus nephritis that correlated with disease activity. Experimentally, Fn14 deletion was protective in preliminary studies against nephritis [54] and cutaneous disease [55] in lupus mice. Nevertheless, significant proteinuria was not yet present when the MRL/lpr Fn14WT mice described herein first displayed neuropsychiatric abnormalities, indicating that the phenotype was primary rather than secondary to renal insufficiency. The mechanisms by which the TWEAK/Fn14 pathway is relevant to the pathogenesis of extracranial disease in lupus are important and will be different than those discussed here, and deserve careful and separate dissection in future studies.
Conclusions
We found that Fn14 deficiency protects against several neurobehavioral deficits that characterize MRL/lpr mice, including depression-like behavior and impaired cognition. Our study demonstrates for the first time the involvement of TWEAK/Fn14 pathway in the pathogenesis of NPSLE. Differences in peripheral autoantibody levels apparently did not contribute to the differential neuropsychiatric phenotype observed in the MRL/lpr Fn14WT mice. However, Fn14KO mice showed decreased brain expression of several mediators known to be instrumental in the pathogenesis of murine NPSLE, including RANTES, which may be directly stimulated by TWEAK, and C3. Fn14 deficient mice also exhibited improved BBB barrier integrity, thereby potentially restricting access of autoantibodies and soluble mediators to the CNS. Considering the similarities between murine NPSLE and human disease, our results point to the inhibition of the TWEAK/Fn14 pathway as a potential new target for the treatment of human lupus with brain involvement. Olfactory competency was assessed in 10-20 week old MRL/+ ("MPJ")(5F/5M), MRL/lpr Fn14WT ("LPR") (5F/2M) and MRL/lpr Fn14KO ("LPR KO") (4F/1M) mice by measuring the time to uncover buried food. Subsequent figures utilize the same designations for each genotype, with the (F) and (M) label after the genotype in the figure legend denoting female and male mice, respectively. 
